The contribution of hydrogen bonds and the London dispersion force in the cohesion of cellulose is discussed in the light of the structure, spectroscopic data, empirical molecular-modelling parameters and thermodynamics data of analogue molecules. The hydrogen bond of cellulose is mainly electrostatic, and the stabilization energy in cellulose for each hydrogen bond is estimated to be between 17 and 30 kJ mol −1 . On average, hydroxyl groups of cellulose form hydrogen bonds comparable to those of other simple alcohols. The London dispersion interaction may be estimated from empirical attraction terms in molecular modelling by simple integration over all components. Although this interaction extends to relatively large distances in colloidal systems, the short-range interaction is dominant for the cohesion of cellulose and is equivalent to a compression of 3 GPa. Trends of heat of vaporization of alkyl alcohols and alkanes suggests a stabilization by such hydroxyl group hydrogen bonding to be of the order of 24 kJ mol −1 , whereas the London dispersion force contributes about 0.41 kJ mol −1 Da −1 . The simple arithmetic sum of the energy is consistent with the experimental enthalpy of sublimation of small sugars, where the main part of the cohesive energy comes from hydrogen bonds. For cellulose, because of the reduced number of hydroxyl groups, the London dispersion force provides the main contribution to intermolecular cohesion.
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This article is part of a discussion meeting issue 'New horizons for cellulose nanotechnology'.
Introduction
The use and transformation of cellulose, or 'nanocellulose', rely on molecular interactions at the basic level, as is the case for any other material or processing. The processing of cellulose consists of loosening or overcoming the cohesive interaction in order to reshape and rearrange, typically by using various solvents or swelling agents. The ultimate mechanical properties at play are governed by the topological distribution and strength of molecular interactions. Despite numerous studies on the details of the structure and interactions of cellulose, the contributions of different types of interactions to the overall properties are rarely discussed in a quantitative way.
The molecular interaction of cellulose most often mentioned is 'hydrogen bonding', probably because it is experimentally the most demonstrative interaction: hydroxyl groups in the crystal structure generally find their counterparts to form a favourable electrostatic interaction, and the hydroxyl group stretching bands are redshifted compared with those of isolated hydroxyl groups. Many cellulose-related publications thus tend to overemphasize the role of hydrogen bonding, for example to explain the difficulty of dissolving cellulose. Recently, the notion of the hydrophobicity and amphiphilicity of cellulose is revived to attenuate the overemphasis of hydrogen bonding. Still, amphiphilicity or hydrophobicity alone does not explain the solvent resistance, as manifest by the negligible swelling of cellulose in solvent containing OH and CH groups, such as methanol or ethanol [1] . Clearly, a more quantitative and precise description of the relevant molecular interactions is required.
The same is true for the explanation of the material properties of cellulose. 'Hydrogen bonding' often serves as a magic word explaining any behaviour, such as anisotropic thermal expansion or Young's modulus. Although several modelling studies support this idea [2] , comparison of experimental data from cellulose analogues is less conclusive [3] .
London dispersion 1 interactions, which arise from temporary polarization, are universal but often neglected in studies of cellulose, except in theories of colloids through the Hamaker constants [4] . In the present work, I develop approximate but quantitative ideas on the contribution of hydrogen bonding and the dispersion interaction on the properties of cellulose.
Strength of hydrogen bond in cellulose (a) Coulomb interactions in molecular modelling
Hydroxyl groups form 'weak' [5] or 'moderate' hydrogen bonds that are mostly electrostatic with no significant quantum-mechanical charge transfer [6] . Typical bond energies fall in the range of 16-60 kJ mol −1 [7] . However, no direct technique exists to measure the contribution of hydrogen bonds to the cohesion energy of cellulose. In molecular modelling, the hydrogen bond energies are included in the short-range electrostatic interaction in most force fields. For hydrogen bonding with donor (D), hydrogen (H) and acceptor (A) atoms, the Coulomb energy can be calculated as figure 1 . The same is plotted for the hydroxyl to ring oxygen OH . . . O in blue. I consider the force fields CHARMM-C35 and GROMOS-87 in figure 1a,b and the partial charges of −0.4e and 0.4e for oxygen and hydrogen, respectively, in figure 1c. The high energies between the hydroxyl groups at hydrogen bond distances (0.17-0.2 nm) for CHARMM-C35 are due to the net negative charge of the hydroxyl groups, resulting in a repulsive interaction at long distance. By contrast, the older force field, GROMOS-87, concentrates charge on the hydroxyl groups, resulting in hydrogen bond energies of −18 to −10 kJ mol −1 for the same distances. Conversely, in both cases, the stabilization energy for the ring oxygen is much higher compared with the other assessments developed below. However, even if the outcome of the simulation generally suggests the presence of hydrogen bonds with geometry criteria, this approach cannot estimate the individual interaction energy.
(b) Correlation with band shifts of vibrational spectroscopy
An indirect measure of hydrogen bond energy is available from the empirical correlation between the heat of formation and the shift of the infrared OH stretching band υ 1 or torsional band υ 4 [8] relative to the isolated molecule (for butanol in carbon tetrachloride, υ = 3640 cm −1 and υ 4 = 240 cm −1 ). A linear correlation of the shift v 1 with the quantum-mechanically calculated interaction energy of amino acid dimers dominated by one hydrogen bond has also been reported [9] . In [8] , the hydrogen bond energy H is given by
and Figure 2 presents the infrared spectra of uniaxially oriented tunicate cellulose film prepared by the method detailed in [10] and isotopically diluted inside the crystals by using 95% heavy water according to [11] . The infrared spectra from the isotopically diluted sample show much simpler bands because of the decoupling of hydrogen bond chains. The tentative assignments in table 2 are based on the polarization of the bands and the relative H . . . A distance (figure 3) in the structure. The distances were taken from the structure optimized based on the neutron crystal structure [12] by using density functional theory with dispersion correction (DFT-D2) based on Pardew-Burke-Ernzerhof (PBE) functionals. This approach is used because the limited precision of the fibre diffraction structure prevents the comparison of small differences [13] . For assignment, the hydrogen bond strengths are considered to directly reflect the hydrogento-acceptor distances. The atomic coordinates of DFT-optimized cellulose I β are provided in the electronic supplementary material.
In any approximation, the hydrogen bond energy in cellulose I falls between 17 and 30 kJ mol −1 and the intermolecular hydrogen bond energy is around 20 kJ mol −1 . If we consider the 1 −1 0 crystallographic plane, the number density of hydrogen bonds is roughly 3.7 × 10 18 m −2 , so the energy needed to break hydrogen bonds when splitting the surface would be 20 000 × 3.7 × 10 18 /N A = 0.1 J m −2 . In comparison, the fracture energy of wood for mode 1 fracture 2 splitting along the longitudinal direction is of the order of 100 J m −2 [14] , and that of glass is of the order of 5 J m −2 . The mechanism leading to high fracture energy across the Table 2 . Hydrogen bond energies of cellulose I estimated from infrared-band shifts.
O3oH fibre direction is partly explained by buckling [15] , but quantitatively relating the behaviour of macroscopic failure to the structure and mechanical properties of components in cellulose remains a challenge.
(c) Long-range dispersion force
The lower bound of the long-range dispersion force can be deduced from the experimental evaluation of the Hamaker constant for amorphous cellulose of 58 zJ (z = 10 −21 ) [5] . For two bulk surfaces with 0.12 nm separation (the van der Waals radius of hydrogen), the energy will be roughly −0.1 J m −2 , but a reasonable assumption for the separation is not clear. In many atomistic molecular models, the dispersion force is accounted for by the coefficient C 6 of the London-attraction term in the Lennard-Jones potential, where C 12 and C 6 are the Lennard-Jones constants and r is the distance between atoms (particles). Recent dispersion-corrected DFT approaches [16] also use C 6 coefficients, which are listed in table 3. Assuming additivity of the dispersion interaction, the Hamaker constant A is directly related to the C 6 coefficients [4] and the number density ρ of the atoms (particles) as
For an interaction between atoms i, and j, the geometric average C ij = C i C j can be used [17] .
Thus, for system containing multiple types of atoms,
In molecular modelling, the Lennard-Jones interactions are calculated only up to a cut-off r c , which is typically of the order of 1 nm. A long-range dispersion energy E lr above this limit for the bulk can be calculated as follows [18, 19] to compensate for the limited cut-off:
This energy corresponds to a pressure of
For example, the simple point-charge water model [19] with 0.9 nm cut-off gives P lr of about 280 bar (28 MPa) [18] . For nanocellulose, the dimensions are larger than the cut-off, but not necessarily large enough to be considered as bulk. In the following, we should see the effect of crystal size on the London dispersion force.
To simplify the calculation, I consider each glucosyl residue as the basic element. For glucose residues with long separation compared to their size, interatomic distances can be replaced by inter-residue distances, and the dispersion coefficient can be replaced by
where n i and n j are the number of atom types in the residue. The values calculated from different dispersion terms vary from 173 to 362 J nm 6 mol −1 (table 3) , whereas from the experimentally determined Hamaker constant of 58 zJ and the number density of residues in cellulose I of 6.08 nm −3 , C res = 58π −2 6.08 −2 = 0.159 zJ nm −6 (95.7 J nm 6 mol −6 ). We can approximate a cellulose nanocrystal as a cuboid structure, where the residues are on a cubic grid with spacing d, resulting in a square cross-section with n r residues in the lateral direction and n l residues in the longitudinal direction. The resulting dispersion energy per residue is
with the summation over all three-dimensional grid points i, j (i = j). Alternatively, the dispersion energy between two chains can be approximated by integration as
where r is the distance between the chains [20] . The summation can be done in two dimensions, which drastically reduces the numerical calculation steps:
Here, p and q are the grid-point vectors in the cross-section. For a given chain length and cross-sectional arrangement, the energy is simply proportional to d −6 , which is the square of the density.
By replacing the parentheses of equations (2.11) or (2.13) with U or U and replacing d 3 with v (residue volume), the pressure P lr due to the long-range dispersion forces can be obtained as a volume derivative:
(2.14) Figure 4 shows a plot of U and U according to equations (2.11) and (2.12) using n l = 100 as a function of lateral size in number of residues. The value monotonically increases and levels off above 20, which is a typical size for highly crystalline cellulose. For a cross-section of 4 × 4 chains, U (and thus the energy and pressure) is reduced by about 20% compared with the large crystals. For cellulose I, the unit cell containing four residues has a volume of 0.658 nm 3 , so the volume per residue v = (0.658 nm 3 )/4 = 0.165 nm 3 . The equivalent energy and pressure due to the long-range dispersion attraction is 3.5 kJ mol −1 (residue) and 69 MPa, if we take C res = 95.7 J nm 6 mol −1 .
(d) Effect of dispersion correction on density functional theory structure
A relatively precise indication of the contribution of the London dispersion force can be obtained by comparing the DFT-optimized structure with and without the dispersion correction. For cellulose I β , the introduction of the dispersion term leads to anisotropic shrinking [21] , as Table 4 . Effect of dispersion correction on calculated unit-cell parameters. a Estimated by using the stiffness tensor calculated under the same conditions (c11, c22, c33, c12, c23, c31 = 21.5, 102.8, 213.3, 13, 11.3,11) [22] .
indicated in table 4. The stiffness tensor calculated by using the same type of functional is reported in the literature [22] and, assuming a linear elasticity, the strain due to the dispersion correction can be estimated by multiplying the strain tensor by the stiffness tensor, which gives a pressure of 3-4 GPa. This pressure is one order of magnitude greater than that due to the effect of the long-range dispersion energy calculated above. Thus, the main contribution of the dispersion interaction is short range compared with the residue size. The approximation of using the residue centre as the interaction site largely underestimates the dispersion interaction because of the highly downward convex curvature of r −6 at short distances.
(e) Phase-change data of analogue molecules
An exact calculation of the hydrogen bond interaction and the dispersion interaction is extremely tedious and error prone. Instead, the hydrogen bond contribution (i.e. the hydrogen bond increment δOH) to the heat of evaporation is a good measure of hydrogen bond strength [23, 24] . Figure 5 shows the standard heat of vaporization of linear alkane, normal alcohols and normal alkylamines, as compiled by the National Institute of Standards and Technology of the United States [25] . The heat of vaporization increases linearly with the number of carbon atoms or molecular weights in the same molecular groups but with a shift between alcohols, amines and alkane. If the dispersion interaction from the OH groups is zero, δOH would be 30 kJ mol, which is the upper bound. Based on figure 5b, δOH is of the order of 24 kJ mol, assuming that the dispersion energy is proportional to molecular weight. The slope in this case is 0.41 kJ mol −1 Da −1 . Based on this empirical relationship, we revisit the data from carbohydrates. The heat of sublimation has been reported [26] for a few small sugars (table 5). The experimental heat of vaporization of D-xylose and D-glucose is completely consistent with the arithmetic sum of a dispersion contribution proportional to the molecular weight and a hydrogen bond contribution proportional to the number of hydroxyl groups in a molecule. Cellobiose and levoglucosan have a slightly lower heat of vaporization compared with this simple arithmetic sum. Cellobiose forms internal hydrogen bonds O3 H . . . O5 that would remain intact when transferred from the condensed phase to the vapour phase. Levoglucosan does not form straight intermolecular hydrogen bonds in the crystal [27] , but would form O3H . . . O1 hydrogen bonds in the vapour phase [28] , which can result in a reduced heat of vaporization. These intramolecular hydrogen bonds, probably strained in the case of levoglucosan, can explain the gap between the experimental value and the arithmetic sum.
Extending this empirical relationship for cellulose would provide an estimate of the energy required to disperse cellulose in vacuum. For cellulose I, only one intermolecular hydrogen bond exists per residue, so the energy to isolate a single chain is 90 kJ mol −1 (residue), or 0.56 kJ g −1 , compared with 44 kJ mol −1 or 2. contribution exceeds hydrogen bonding only with carbon numbers greater than four (butanol). The importance of the London dispersion energy, which is proportional to the density, also corroborates the relative stability among different allomorphs of cellulose [29] . The mechanical disruption of native cellulose fibres in aqueous systems through high-pressure homogenization or grinding alone leads to long fibrillar units, but those fibrils are lateral aggregates of single-crystalline microfibrils, which can only be isolated individually by surface chemical modifications. Hydrogen bonding and the London dispersion force both contribute to this cohesion, preventing the separation between microfibrils even if the interface is accessible to reactants.
Conclusion
Modern force fields often do not capture the energy of hydrogen bonds, but DFT optimization gives a reliable geometry that can be empirically related to the hydrogen bond energy. The dispersion force can be assessed from empirical atomic parameters or from a macroscopic evaluation of the Hamaker constant, which can vary by a factor of up to four. It operates as a pressure of the order of gigapascals in the crystal. A quantitative although approximate estimate of the hydrogen bond energy and the London dispersion attraction indicates the predominant role (50-70%) of the London dispersion interaction in the cohesion of cellulose. Although the London dispersion interaction operates at long distances because of its additivity, the energy of the short-range interaction between neighbouring residues dominates the overall stabilization.
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